Symmetric metal-dielectric guided-mode resonators (GMR) can operate as infrared band-pass filters, thanks to high-transmission resonant peaks and good rejection ratio. Starting from matrix formalism, we show that the behavior of the system can be described by a two-mode model. This model reduces to a scalar formula and the GMR is described as the combination of two independent Fabry-Perot resonators. The formalism has then been applied to the case of asymmetric GMR, in order to restore the properties of the symmetric system. This result allows designing GMR-on-substrate as efficient as free-standing systems, the same high transmission maximum value and high quality factor being conserved. "Free-standing guided-mode resonance band-pass filters: from 1d to 2d structures," Opt. Express 20, 13082-13090 (2012). 12. C.-H. Park, Y.-T. Yoon, and S.-S. Lee, "Polarization-independent visible wavelength filter incorporating a symmetric metal-dielectric resonant structure," Opt.
Introduction
Metal-based nanostructured thin films have received a growing interest since the first theoretical and experimental evidences of extraordinary transmission [1] [2] [3] . This phenomenon originates from the coupling of the incident light to surface plasma waves and has been applied to various fields of research like microfluidic, photovoltaic devices [4] [5] [6] [7] . Metallic gratings with narrow slits have been shown to exhibit high transmission [8] and can be used as an alternative to thin films for infrared band-pass filters, especially in the case of multispectral imaging [9] . More recently, metal-dielectric guided mode resonances (GMR) filters have been introduced [10] . They permit to design unpolarized filters [11, 12] or high angular tolerance filters [13] with an improved rejection ratio away from resonance. Nonetheless, one of the main drawback of these devices is that they are based on membranes, which complicates their fabrication and decreases their mechanical robustness. One solution consists in using a substrate [14] . However, in most of the cases, the introduction of a dissymetry between the top and the bottom interfaces of these filters is to the detriment of its performances. Likewise, for lossless Fabry-Perot filters, 100% transmission are only reached for symmetric filters.
In this article, we develop a two modes model that accurately accounts for the various resonance peaks of metal-dielectric GMR filters, highlighting the paramount influence of the 0 th and ±1 st orders in the resonance mechanism. This model is further simplified to give a scalar expression of the transmitted intensity, and the GMR can be described by two coupled resonators. By analogy with a Fabry-Perot resonator, a symmetrisation criterion is formulated thanks to the scalar expression for either one of the coupled states. We show in the case of a GMR on substrate filter, that it is possible to satisfy this criterion for the first resonator and to restore the same performances than the symmetric filter.
First, we introduce the matrix formalism to compute the transmission spectra of the metal-dielectric GMR filters, and show that it can be reduced to a two modes model. It can be further simplified to a two terms scalar expression for the transmission. In the Sec. 3, we use this expression to formulate a symmetrisation criterion and apply it to various cases of asymmetric GMR filters. 
Matrix formalism
GMRs are based on the coupling of the incident light to a waveguide via diffracted orders created by a periodic grating [15, 16] . In particular ref. [11] shows that the GMR is due to the coupling of the ±1 st orders diffracted by a metallic grating to the dielectric layer guided-modes. The metal-dielectric GMR structure we consider consists in two identical one-dimensional gold gratings with a silicon carbide (SiC) layer in-between, as depicted on Fig. 1(a) . The choice of the geometrical parameters stems from the procedure that was used in refs. [11] and [13] to obtain a transmission peak at 4.65µm. With the following values (grating period d = 2 µm, SiC layer thickness t d = 700 nm, metal thickness t m = 100 nm and slit width a = 250 nm), we expect a high internal reflectivity of the metallic interfaces for TM-polarized light (with the magnetic field Hy parallel to the slits) [17, 18] , and no diffracted order in the 3 to 6 µm spectral range. The thickness t d is large enough to prevent any coupling of the evanescent waves from the two sides, including when the surface plasmon-polaritons are excited at wavelength close to dn d ≈ 5.7µm, where n d the refractive index of the waveguide (2.84 for SiC).
Resonance analysis
A first transmission spectrum is calculated with the Rigorous Maxwell Constitutive Approximation (RMCA) method [19] considering all the diffracted orders using N mesh points (N ≈ 100), a SiC permittivity fixed at ε d = 2.84 2 and a dielectric function of gold given by a Drude model :
with λ p = 159 nm and γ = 0.0048 [20, 21] . The full-calculation spectrum on Fig. 1 (b) exhibits two transmission peaks at λ a = 4.65 µm and λ b = 4.04 µm. The resonance "b" has a very low intensity compared to the resonance "a" with a transmission up to 80%.
A second transmission spectrum is calculated by considering a smaller number of diffracted orders m, therefore the size of the S-matrices depicted on Fig. 1(c) is reduced. By using the scattering matrix formalism, the transmission amplitude S matrix of the all structure is written
or assuming that the geometrical serie converges
with I being the m × m identity matrix. The matrices S 32 and S 21 describe the transmission of the diffracted orders through the metallic gratings. The order 0 is the only one considered in this calculation, as the only order propagating in the incoming medium 1 and the outcoming medium 3. Thus, the matrice S 32 is indeed a 1 × m row vector, and the matrice S 21 a m × 1 column vector. The matrices S 232 and S 212 are m × m square matrices describing the internal scattering of the orders propagating in the medium 2 and reflecting onto the metallic mirrors.
z are the propagation constants of the orders 0, +1 and −1. Finally, the transmission for the all structure is T = |S 31 | 2 .
From now on, we consider the case of normal incidence, for which orders +1 and -1 are excited symmetrically. The truncated response considering only the orders 0, +1 and -1 corresponds to a 2 × 2 matrix (m = 2), and is plotted (dotted line) on Fig. 1(b) . It shows a very good agreement with the full calculation. In this approximation, S 21 and S 32 are considered as column and row vectors with two components, and P, S 232 and S 212 are 2 × 2 matrices.
On Fig. 1(b) , the very good agreement between the exact response and the two-mode model spectrum on the 3.5 − 6 µm wavelength range demonstrates that only the propagating orders play a significant role in the optical response, while evanescent orders have a low influence. In fact, since only the three orders 0, +1 and −1 are propagating, all the propagation factors for j ≥ 3 tend to 0. Accordingly, the discrepancy below 3.5 µm between the resonance peaks can be corrected by taking the ±2 nd diffracted orders into account in our simplified model. Figures 1(d) and 1(e) represent the magnetic field distribution over the GMR structure at λ a and λ b . The overall magnetic field H sum y is compared to the magnetic field contributions H 0 y , H ±1 y and H evan. y of the 0 th order, the ±1 st order and the evanescent orders. We also plot the magnetic field contribution H 0,±1 y which corresponds to the interference between the 0 th and ±1 st orders (H 0,±1 y is given by the cross-coupling term appearing when developing the sum |H 0 y + H ±1 y |). At λ b , the prevalence of the 0 th order is due to the Fabry-Perot resonance and therefore explains the intensity distribution of H sum y : the x−invariant H 0 y field is slightly perturbed by the d-periodic H ±1 y field. At λ a , the ±1 st diffracted orders dominate. This is consistent with the observation of a d/2-periodic field H ±1 y of the standing-wave resulting from the interference of the d-periodic orders +1 and −1. Nonetheless, for the resonance "a" we observe that evanescent orders are quite intense. We can still neglect them because we do not consider their propagation in the SiC layer but take them into account inside the transmission and reflection matrix coefficients. This might yet explain the small difference we see between the two spectra on Fig. 1(a) .
Scalar expression for the transmission
The loop matrix M = P 1/2 S 212 PS 232 P 1/2 is introduced. It refers to all the multiple reflections onto the metallic gratings and the propagation inside the SiC layer of the 0 th and ±1 st diffracted 
Then setting down 
Figure 2(a) shows that the transmission spectrum can be divided in two parts in agreement with the two-term scalar expression found for the transmission intensity
where
T a approximates well the intensity spectrum around λ a and T b around λ b . We also notice that the transmission peaks appear at λ a when arg(d a ) ≡ 0[2π] and at λ b when arg( Fig. 2(b) ). Therefore the 0 th and ±1 st orders can be viewed as coupled resonators that interfere constructively in the GMR structure when arg( 
Symmetrisation of guided-mode resonance filters

Symmetry criterion
We want to study the effect of symmetry on the resonance "a". Although the Fabry-Perot peak corresponds to a single-mode resonance associated to a wavevector k z , we note two analogies between the Fabry-Perot resonance and the GMR resonance. The eigenvalue d a of the matrix M also turns to be the eigenvalue of (P 1/2 S 212 P 1/2 )(P 1/2 2 S 232 P 1/2 2 ), P 1/2 and P 1/2 2 being seen as the propagation matrices related to two dielectric layers of thicknesses t and t 2 , given that t d = t + t 2 . Finally, as a symmetric Fabry-Perot cavity is defined by r 212 e ik z t d = r 232 e ik z t d , we introduce the eigenvalues d 212 and d 232 of the matrices P 1/2 S 212 P 1/2 and P 1/2 2 S 232 P 1/2 2 . A symmetry criterion is formulated, the necessary condition to obtain a symmetric filter being: d 212 = d 232 .
Symmetrisation results and discussions
Figure 3(a) presents three different freestanding GMR structures A, B and C. The structure A is the one originally shown on Fig. 1(a) : it is made of two identical periodic gold gratings with a SiC layer in-between. The structure B only differs from A because the slits of the lower grating are filled with SiC. The structure B is therefore not symmetric, and we observe that d 212 =d 232 (on Fig. 3(b) , solid lines refer to d 212 and dotted lines to d 232 ). To restore the equality, three degrees of freedom are available: the thickness t 2 of the dielectric waveguide lower part and the slit width a 2 and metal thickness t m2 of the lower grating. In theory, three parameters are more than enough to make the complex d 232 equal to d 212 at the resonance wavelength. For the structure C, the equalization is even obtained on a large wavelength range. As a consequence, the slopes of the arguments of d 212 and d 232 also coincide, which allows to restore the same quality factor.
To derive an expression for the quality factor, we consider the denominator of the scalar For the structures A and B, the gold grating period is d = 2 µm, the SiC layer thickness is t d = 700 nm, the gold grating slit width is a = 250 nm and the gold grating thickness is t m = 100 nm. For the structure C, the gold grating period is d = 2 µm; the SiC layer is divided in two parts of thickness t = 350 nm and t 2 = 320 nm; the gold gratings are different, the upper one having a thickness t m = 100 nm and a slit width a = 250 nm, and the lower one a thickness t m2 = 60 nm and slit width a 2 = 350 nm. expression T a . We introduce the length α by setting down: d a = |d a |e iδ k a α where δ k a = k 0 − k a with k 0 = 2π/λ and k a = 2π/λ a . Consecutively around the resonance wavelength λ a ,
The quality factor Q being defined as Q = k 0 /2k a,1/2 , the Lorentzian shape of T a allows to write |d a |k 2 a,1/2 α 2 = (1 − |d a |) 2 . Finally we obtain the following expression for the quality factor
The length α (resp. β defined similarly by d b = |d b |e iδ k b β ) can be retrieved numerically, as α = δ d a /δ k a (we will choose δ k a = k 0 /1000). To understand the origin of phase variations, we de-
and Π a = Π 0a Π 1a , and we obtain the first order differential
These 8 terms have been evaluated numerically. It appears that, contrary to the case of a simple Fabry-Perot filter where the phase variations at reflection onto the mirrors are negligible, the terms
2 Π a must be taken into account. Furthermore, we notice that the first and last terms of this sum The eigenmodes complex frequencies ω a and ω b are solutions of the implicit equation
These complex values permit to fully characterize the non-conservative open system around a peak wavelength λ = 2πc/ω: the decay rate of the mode "a" is γ a = ℑ(ω a ) and the quality factor is defined by Q a = ℜ(ω a )/2γ a [22, 23] . The expression (6) for the quality factor Q is analogous to the typical quality factor of a Fabry-Perot resonator of thickness t d filled with a dielectric of refractive index n d [24] :
given that r = r 212 r 232 for highly reflecting interfaces. α is therefore similar to 2n d t d , and can therefore be considered as the cavity optical length. The assumption that the system is separated in two independent resonators (indexed as a and b) is confirmed by Fig. 4 , which shows the exact value of det(I −M) and the approximated value obtained as the product of terms (1 − d a ) and (1 − d b ) . The two curves are in good agreement over a wide spectral range around the resonance peaks λ a and λ b . Figure 5 shows the result of the symmetrisation approach for a GMR filter on a sapphire substrate. We manage to make d 212 equal to d 232 at the resonance wavelength λ a . This allows to obtain the same transmission maxima for the original freestanding structure A and the structure on substrate C , but not the same quality factor (on Fig. 5 (c) the transmission peak of the structure
